Abstract-We here investigate a new approach to creating high quality-factor resonators for filtering and oscillator applications based on STW wave propagation. We show that breaking the finger width periodicity, as opposed to the spacing between fingers, is an effective way of reducing spurious bulk modes and hence unwanted ripples out of the resonance frequency range. However, this improvement in terms of filtering applications comes with the drawback of a decreased quality factor which makes such devices unsuitable to oscillator applications. On the other hand, we conclude from simulations that narrow fingers in the transducers surrounded by wide fingers in the mirrors will lead to highest quality factors but increased losses. Experimental results at 750 MHz and 1.015 GHz are presented with loaded quality factors in the 5800-6700 range and are compared with a simplified mixed matrix based model.
I. INTRODUCTION
Surface acoustic wave devices are used as resonator in stable oscillators for frequency source applications, as well as for filtering in ladder-type setups in the 900-2.5 GHz bands. In both cases spurious responses are to be eliminated since the spectral purity or transfer function of the resulting filter would be disturbed by such unwanted modes. Surface Transverse Waves (STW) display greater QF product (quality factor times frequency) than Rayleigh wave and will thus be the focus of this presentation.
The objective of this study is to evaluate a method for reducing spurious modes in surface acoustic wave resonators. We investigate the effect of modifying the metalization to electric period ratio (finger width to spacing ratio) on the propagation of STW resonators [1] - [3] as an alternative technique to reducing the conversion from surface to bulk acoustic waves which is conventionally obtained by changing the periodicity between the transducer and the Bragg mirrors around this transducer [4] . Hence we here keep the periodicity constant over the whole device and only modify the width of the fingers between the transducer and the mirrors.
The idea of modifying the finger width a to electrical period p (Fig. 1 , bottom, for a definition of these values) ratio between the transducers and the mirrors stems from the observation that any periodicity breaking within an STW transducer strongly attenuates this acoustic mode. On the other hand the observation (Fig. 1 ) that keeping the periodicity of the electrodes in the transducer and mirror constant but varying the width of the electrodes leads to an improvement of the reflection efficiency of the mirrors if the latter display an a/p coefficient larger than that of the transducers hints at the possibility of an optimal set of finger widths in the transducer and the mirror.
Hence, we here investigate experimentally the validity of this hypothesis, and evaluate theoretically which set of a/p parameters in the transducer (as well as the cavity in the case of quadrupole resonators) and a/p in the mirrors leads to the best results in terms of quality coefficient for oscillator application, or least spurious modes for filter applications. Top: illustration of the evolution of real (red, blue) and imaginary (green, magenta) parts the wavevector as a function of the finger width to period ratio a/p. Notice that for a wider finger width to period ratio (a/p = 0.65) the stop band covers a wider frequency range meaning that the efficiency of mirrors patterned with such a geometry will have an improved reflection efficiency when working at frequencies compatible with the narrower stop band observed for a/p = 0.55 which is the geometry chosen for the transducers. Bottom: schematic of a cross section of the resonator displaying the constant periodicity p of the electrodes over the whole device and the varying electrode width a in the transducer and in the mirror.
The effects of metallic coating thickness during the elec-trode deposition as well as the influence of varying the finger width to electrical period over the whole device are investigated (synchronous devices). Additionally, the original approach presented here to avoid unwanted surface-to-bulk mode conversion effects is to change the finger width between the transducers and the mirrors (asynchronous devices). Fig. 2 . Scanning electron microscope images of a synchronous device (the mirror is to the left of the image and the interdigitated transducer to the right).
II. FABRICATION PROCEDURES
Synchronous and asynchronous dipole and quadrupole resonators were processed in our class 10000 cleanroom. A 700 to 1000Å thick aluminum layer -aluminum thickness being one of the variable parameters being investigated -was sputtered on 500 µm-thick AT-cut quartz wafers. Interdigitated transducers with electric periods of 2.5 µm and 3.38 µm were patterned, leading respectively to STW-mode surface acoustic waves propagating at a resonance frequency of about 750 MHz and 1.015 GHz.
Two sets of resonators were designed: dipoles and quadrupoles. In the former a single interdigitated transducer is surrounded by two patterned mirrors. In the latter a couple of interdigitated transducers and mirrors are located on both sides of a cavity. The spacing between successive fingers is always one quarter of the acoustic wavelength or one half of the electrical wavelength p, the latter being the measurement unit used throughout this discussion.
For each kind of transducer (dipoles and quadrupoles) two sets of devices were designed: synchronous and asynchronous ( Fig. 2 ):
• synchronous devices display a constant finger width a to electric period p over the whole structure -mirror, transducer and cavity, the actual a/p value being a variable under investigation.
• asynchronous devices include a finger width variation in the finger width a between the mirror and the transducers while keeping the periodicity (spacing between the fingers) constant (Fig. 1, bottom) . This approach contrasts with the more common design of changing the periodicity p between the transducers and the mirrors. In case of the quadrupoles, the periodicity and finger width in the cavity is always that of the surrounding transducers.
The measurements we made on the fabricated devices are
• in case of the quadrupoles, we measure the modulus of the transfer function S 21 using a Rohde & Schwartz ZVC network analyzer, from which we extract the quality factor and visually estimate the relative height of the resonance peak to the sideband ripples, • in case of the dipoles, we measure the admittance of the reflection coefficient Y 11 and focus on the real part of this quantity to extract the quality factor and estimate the relative amplitude of the ripples to the main resonance peak.
III. EXPERIMENTAL RESULTS
Dipole resonators consist of a 150 finger-pairs transducer surrounded on both sides by 400 finger wide Bragg mirrors. Quadrupole resonators are designed with two 100 finger-pairs transducers, separated by a 10 finger wide cavity. The mirrors located on both sides of the transduction region are made of 400 fingers. 1GHz STW resonators asynch1: Q=4400 asynch 2: Q=4600 synch 1 : Q=5300 synch 2 : Q=4600 Fig. 3 . Comparison of the measured admittance (real part) of synchronous and asynchronous two-port resonators. Although the asynchronous design displays less ripples out of the pass-band frequency range -making them suitable for narrow-band filtering applications -they display a lower quality factor than the synchronous design -making the latter more suitable for oscillator applications.
The reflected admittance Y 11 (f ) for dipoles, and S 21 (f ) transmission coefficient for the quadrupoles, are displayed in Figs. 3 (dipoles) and 4 (quadrupoles).
We observe that the asynchronous structures do not improve as was originally expected the quality factor as required for oscillator applications compared to the conventional synchronous designs. On the other hand the magnitude of the spurious modes out of the band pass frequency range are attenuated as required by narrow band filtering applications. 
IV. MODELS
The admittance of the synchronous and asynchronous devices have been simulated based on a simplified mixed matrix based model described in [5] - [7] .
Let us consider an elementary cell of a periodic transducer (i.e. one period) still assuming infinite length of the electrode along x 3 as depicted in fig. 5 . The mixed matrix relates the outputs S of this elementary cells to it inputs E and describes the electro-acoustic couplings for a given mode of the structure. Using fundamental laws such as power preservation, reciprocity and the charge preservation, the simplified relationship is 
where coefficients r and t describe the acoustic diffraction phenomena observed from the cell boundaries (r and t respectively hold for reflection and transmission), α denotes the ability of the cell to convert electric signal into acoustic propagation (and vice versa), and G + jB is its electrical admittance.
Note that reflection coefficients r from both sides of the cell as well as coupling parameters α are dissociated due to the possible existence of directivity properties of the substrate. As described in details in [6] , it is possible to relate these coefficients to parameters extracted from harmonic admittance computations. Assuming no directivity in the cell, which corresponds to most of the crystal cuts used for RF devices, the following relations are used to define mixed matrix coefficients:
Finally, one has to compute the coefficients ∆, ϕ and G in order to settle the electro-acoustic properties of one cell for the considered mode. As above-mentioned, these latter coefficients are deduced from harmonic admittance computations. Assuming f s and f e as the edge of the frequency stop band and y s and y e the corresponding magnitude of the harmonic admittance, one can derive [6] , [7] the following relations:
It is then easy to chain mixed matrices one to the others in order to simulate a device exhibiting a given number of periods (the so-called cells) assuming proper boundary conditions at the edges of the gratings and taking into account the static capacitance of the structure. However, the simulation of acoustic radiation from the surface to the bulk of the substrate is not taken into account rigorously using mixed matrix. The use of empirical formulas for given devices can give access to the contribution of radiated bulk waves to the electrical admittance but the rigorous simulation of these phenomena using the mixed matrix approach remains an open problem. Here the propagation of bulk modes is thus not included in the simulation results.
V. RESULTS AND DISCUSSION
Modeling displays an obvious dependence of the quality factor with a/p ratio. For example for a synchronous dipole structure with 750 nm thick aluminum layer patterned for describing the interdigitated transducer and mirror structures, a sharp quality factor optimum is displayed for a/p = 0.7 (simulation data not shown). The strong dependence of the resulting resonant frequency and peak sharpness to the a/p ratio hints at the experimental difficulties met when making these actual sensors for high frequency (>1 GHz) applications for which the electrical period is already as low as 2.5 µm, this requiring a processing lateral-accuracy during the lithography step the 100 nm, beyond what we can reach in a general purpose clean room (Fig. 2) . Fig . 6 . Simulations of the response of STW quadrupole resonators in which the a/p ratio is kept constant over the mirror and transducers but varied in the cavity region (5 finger pairs). We notice that the cavity hardly affects the shape of the response which is thus representative of the synchronous device configuration. 6 , which displays the simulation of the transfer function |S 21 | of a quadrupole resonator, leads us to predict that a lower a/p over the whole synchronous device increases the quality factor but also increases the insertion loss. Additionally, spurious modes below the resonance frequency become predominant in the shape of the transfer function for greater a/p ratio. It thus seems that lower values of a/p lead to the best responses both for filtering applications (in which spurious modes are to be avoided) and frequency sources (highest quality factor).
We then consider Fig. 7 in which the a/p ratio is kept constant and equal to 0.7 in the mirrors and the finger width is varied in the transducers and the cavity. Here again we are thus simulating the response of quadrupoles, but this time in an asynchronous configuration. We here clearly observe that the lower the a/p ratio in the transducer and the cavity, the sharper the resonance and hence the greater the quality factor -as expected from an improved efficiency of the mirrors as the a/p ratio in the mirrors greatly differs from that same ratio value in the transducers -but additionally that a second mode appears below the resonance frequency. This two modes degenerate in a single wider mode (lower quality factor) as the a/p ratio in the transducers becomes closer to this ration in the mirrors.
VI. CONCLUSION
We have modelled and fabricated synchronous and asynchronous STW resonators in dipole and quadrupole configurations. We observe that
• sideband ripples are strongly attenuated in the asynchronous design, making such designs suitable for filtering applications, • the quality factor is either not affected or slightly degraded in the asynchronous design compared to the results observed with synchronous devices, making the latter best suited for frequency source application. Having validated the models with experimental data within uncertainties associated to the fabrication process, we can now consider a systematic search for an optimum configuration of the finger width in the mirror and the transducers depending on the requirements of the device to be designed.
